Understanding the genetic basis of photosynthetic efficiency (PE) contributing to enhanced seed yield per plant (SYP) is vital for genomics-assisted crop improvement of chickpea. The current study employed an integrated genomic strategy involving photosynthesis pathway gene-based association mapping, genome-wide association study, quantitative trait loci (QTL) mapping, and expression profiling. This identified 16 potential single nucleotide polymorphism loci linked to major QTLs underlying 16 candidate genes significantly associated with PE and SYP traits in chickpea. The allelic variants were tightly linked to positively interacting QTLs regulating both enhanced PE and SYP traits as exemplified by a chlorophyll A-B binding protein-coding gene. The leaf tissue-specific pronounced up-regulated expression of 16 associated genes in germplasm accessions and homozygous individuals of mapping population was evident.
| INTRODUCTION
In order to sustain global food security, it is imperative to enhance the yield and productivity of crop plants, especially of the staple food crops such as major cereals and legumes. The food we consume is the resultant of millions of years of evolution which provided the green plants the ability to fix the atmospheric carbon dioxide into carbohydrate using the solar energy. The photosynthetic carbon metabolism (PCM) is thus considered as one of the major contributor to crop grain yield. Since long time, researchers all over the world have made substantial efforts to manipulate the metabolic enzymes controlling photosynthesis in order to enhance the crop yield and productivity.
The ribulose-1,5-bisphosphate carboxylase (RuBisCO) is considered as one of the major target of this manipulation, and by engineering of this metabolic enzyme, photosynthetic carbon fixation gain could increase by 30% in the environment (Zhu, Ort, Whitmarsh, & Long, 2004) . Therefore, a better understanding on regulation of photosynthesis metabolism at a global scale using advanced structural, functional, and comparative genomics as well as molecular genetics strategies is essential to accomplish the prime objective of crop yield enhancement. In this perspective, a PCM-associated HIGHER YIELD RICE transcription factor enhancing photosynthesis and subsequent grain yield during normal and stress (drought and high-temperature) conditions is found much promising in rice (Ambavaram et al., 2014) .
Moreover, the manipulation of cytochrome b 6 /f complex in the electron transport chain appears to be a potential target for enhancing photosynthetic rates and yield in crop plants (De Souza et al., 2017; Yamori et al., 2016) . The aforesaid studies collectively highlighted that photosynthesis is the most vital and basic metabolic pathway essential for energy generation and survival and overall growth and development of crop plants. Henceforth, the PCM and major traits contributing to high photosynthetic efficiency (PE) need to be optimized at a global scale employing diverse genomics-assisted breeding and functional genomic approaches for the increase in crop yield and productivity. Recently, a genome-wide association study (GWAS) of diverse chlorophyll traits including total chlorophyll content is found efficient to identify genomic loci (genes) governing PCM for genetic improvement of legumes including soybean (Dhanapal et al., 2016) . Unfortunately, no such information pertaining to PCM regulation is available in chickpea that necessitates comprehensive understanding on complex genetic architecture of vital traits contributing to high PCM and PE as well as increased seed yield in this legume crop.
Chickpea (Cicer arietinum), a vital food legume crop, is primarily represented by two of its domesticated desi and kabuli cultivars exhibiting distinct agro-morphological characteristics. Numerous genetic resources in form of germplasm accessions, landraces, cultivated varieties, genetic stocks, and wild species accessions as well as advanced generation mapping population contrasting for diverse agronomic traits are accessible in chickpea at various international and national Genebank. The draft genome sequences of desi and kabuli and its progenitor wild Cicer reticulatum accession are decoded recently in chickpea (Gupta et al., 2016; Jain et al., 2013; Parween et al., 2015; Varshney, Song, et al., 2013) . Moreover, the transcriptome and genome resequencing of multiple cultivated (desi and kabuli) and wild chickpea accessions generated a diverse array of genes, transcription factors, and regulatory sequences as well as simple sequence repeat and single nucleotide polymorphism (SNP) markers at a genome-wide scale (Pandey et al., 2016; Varshney, Mohan, et al., 2013) . The available sequence information is also useful in deciphering the structural and functional perspectives of protein coding genes controlling diverse known regulatory pathways/networks especially underlying the basic metabolic processes such as photosynthesis at a whole genome level in crop plants (http://www. genome.jp/kegg/pathway.html).
Development of high-yielding climate resilient cultivars in chickpea is the prime focus worldwide. Increasing photosynthetic carbon fixation rate comes up as an attractive strategy for further yield enhancement in this vital legume food crop. This requires a comprehensive understanding of the photosynthetic gene regulatory pathways/networks and manipulation of gene(s) involved to achieve high PE and increased seed yield. The rapid genetic dissection of complex PE traits controlling increased seed yield is now certainly feasible through deployment of an integrated genomics-assisted breeding strategy involving association mapping, quantitative trait loci (QTL) mapping, expression profiling, and molecular haplotyping in chickpea (Kale et al., 2015; Kujur et al., 2015 Kujur et al., , 2015b Kujur et al., , 2016 . The combinatorial genomic strategy will be useful to scan functionally pertinent novel molecular tags including potential genes and superior alleles influencing PE for enhancing yield in chickpea.
In these perspectives, the present study employed high-resolution gene-based association analysis and GWAS integrated with QTL mapping and transcript profiling in phenotypically well-characterized natural germplasm accessions and mapping population to scan the most promising molecular signatures (SNP marker, genes/QTLs and natural alleles) regulating high PE vis-à-vis increased seed yield per plant (SYP) in chickpea.
| MATERIALS AND METHODS

| Genetic resource and phenotyping
An association panel of 92 accessions including 38 desi and 54 kabuli core, minicore, and reference core germplasm accessions representing diverse ecogeographical locations of 20 countries of the world was constituted in accordance with Kujur et al. (2015a; 2015b;  Table S1 ).
These were grown in the experimental field during normal crop season For determining PE, diverse major traits including total chlorophyll content, chlorophyll fluorescence, and CO 2 assimilation rate were measured. To estimate chlorophyll content (CC), the total chlorophyll was extracted from the liquid nitrogen-grounded homogenate of 10-15 days old seedlings (fresh weight of 0.5 g) with 2 ml chilled 80% acetone, and their concentration were measured (mg/g fresh weight) by an ultraviolet-visible spectrophotometer at 663, 645, and 470 nm following the methods of S. C. Saxena et al. (2013) . For precise estimation of chlorophyll content, third and fourth leaves (representing the plant canopy) of 30-40 days after sowing (DAS) grown plants were considered to be the most suitable leaf positions for chlorophyll measurement in chickpea. These leaf tissues were used for SPAD chlorophyll meter reading (SCMR) by SPAD-502 Plus meter (KONICA MINOLTA CO. LTD., JAPAN) as per Kashiwagi, Krishna, Singh, and Upadhyaya (2006) . The chlorophyll fluorescence (CF) and CO 2 gas exchange rate were measured from the third and fourth attached leaves of 60-90 DAS old plants by estimating the maximal quantum yield of PSII (Fv/Fm) employing the modulated chlorophyll fluorometer and LI-6400XT (LI-COR Inc., USA) as per Ambavaram et al. (2014) . Especially, the mean CO 2 exchange rate was estimated by selecting three to five representative plants, after 6hr of illumination with a daily continuous photoperiodic cycle of 10-hr light and 14-hr dark at the 22-24°C leaf temperature, 400-500 μmol/s CO 2 and 65-70% relative humidity. To determine the CO 2 exchange rate pre- SYP was measured by weighing the mean weight (g) of fully matured dried seeds (10% moisture content) harvested from 5 to 10 representative plants of each germplasm accession and RIL mapping individual.
The genetic inheritance pattern of all these studied traits using diverse statistical parameters including coefficient of variation (CV), broadsense heritability (H 2 ), Pearson's correlation coefficient (r), and frequency distribution was determined in an association panel and a RIL mapping population as per the methods described earlier . CV was determined by estimating the ratio of standard deviation to the mean for each individual environment.
We measured the significant effect between gene/genotype and environment by estimating the genotypes (G; accessions/mapping individuals) and phenotyping experimental years/environments (E) interaction (G × E) using analysis of variance as per Upadhyaya et al. (2016) . Malik et al. (2016) . Accordingly, the sequencing of generated clusters by Illumina MiSeq platform, mapping of sequenced gene amplicons of each chickpea accession using the pseudomolecules of kabuli chickpea genome (http://gigadb.org/ dataset/100076), and discovery of high-quality SNPs among accessions were carried out as per M. S. and Kujur et al. (2015 Kujur et al. ( , 2015a Kujur et al. ( , 2015b .
| Trait association mapping
For association mapping, the genotyping and comprehensive annotation information of candidate gene-derived SNPs and genome-wide SNPs discovered from the resequenced 92 desi and kabuli chickpea accessions (association panel) employing a GBS assay were obtained (Kujur et al., , 2015a (Kujur et al., , 2015b . Subsequently, the population structure, principal component analysis (PCA), and linkage disequilibrium (LD) decay measured among accessions were acquired from the previous study of Kujur et al. (2015a Kujur et al. ( , 2015b ). The accessions revealing high H 2 for the studied PE and SYP traits across two diverse environments were acquired for association study. Consequently, environment-wise phenotyping information of these said traits measured from the individual selected accession were utilized to calculate its average trait value for association study. The SNP genotyping data were integrated with multienvironment field phenotyping information of PE and SYP traits as well as kinship (K), population structure (Q), and PCA (P) information of accessions (association panel). This was performed by mixed model (P + K, K and Q + K)-led compressed mixed linear model (CMLM) and P3D (Kang et al., 2010; Z. Zhang et al., 2010 )/efficient mixed model association expedited (EMMAX) strategies of genome association and prediction integrated tool (GAPIT) (Lipka et al., 2012) . The reliability of SNP marker-trait association was ascertained by using the quantile-quantile (Q-Q) plot-based false discover rate ) and highest R 2 were considered significant.
| QTL mapping
The GBS-derived high-quality SNPs (differentiating 92 accessions)
showing polymorphism between two parental accessions (ICC 4958 and ICC 12299) were genotyped using the genomic DNA of 236 map- Bajaj, Saxena, et al. (2015) and Upadhyaya et al. (2015) . Briefly, 1 μg of high-quality RNA isolated from tissues was utilized to synthesize cDNA by Applied Biosystems 
| Trait association potential of interacting genes
The entire CDS, intron, and 2 kb of each URR and DRR sequence components of chickpea genes demonstrating possible protein-protein interactions with a strong PE and SYP trait-associated gene were Note. KEGG = Kyoto Encyclopedia of Genes and Genomes; CAM = crassulacean acid metabolism; URR = upstream regulatory region; DRR = downstream regulatory region; SNP = single nucleotide polymorphism; PVE = phenotypic variation explained; CC = chlorophyll content; SCMR = SPAD chlorophyll meter reading; CF = chlorophyll fluorescence; CAR↑CO2 = assimilation rate at increasing CO2 concentration; CAR↑LI = CO2 assimilation rate at increasing light intensity.
*Fold change calculated with respect to leaf tissue in high as compared to low accessions/RIL mapping individuals. Details regarding SNPs are mentioned in the Table S2. differential expression potential of gene haplotypes with the studied PE and SYP traits were performed in accordance with Kujur et al. (2015 Kujur et al. ( , 2015b and M. S. . Table S2 ). The functional FIGURE 2 The use of 14,417 single nucleotide polymorphisms (SNPs) in genomewide association study produced a Manhattan plot depicting the significant p value of 16 genomic SNP loci associated with five photosynthetic efficiency (chlorophyll content, SPAD chlorophyll meter reading, chlorophyll fluorescence, CO 2 assimilation rate at increasing CO 2 concentration, and CO 2 assimilation rate at increasing light intensity) and seed yield traits in chickpea. The genomic distribution of reference genome-derived and de novo SNPs mapped on eight chromosomes and scaffolds of kabuli genome are indicated by the x axis. The y axis designates the −log 10 (p) value for significantly associated SNP loci with photosynthetic efficiency and seed yield traits. The SNPs exhibiting significant association with the studied traits at a cut-off p value ≤10 Figure 1d ; Table S2 ).
| Association mapping identifies potential genomic loci governing PE and SYP traits in chickpea
To perform gene-based association mapping and GWAS, we employed genome-wide GBS (11,079 SNPs)-and gene-based (3,338 SNPs) SNP genotyping data of 14,417 SNPs assayed in 92 chickpea accessions (association panel; Table S2 ). accessions (association panel) both for PE (CC, SCMR, CF, CAR↑CO 2 , and CAR↑LI) and SYP traits was observed despite substantial environmental effect on these traits (Table S3) . A significant interaction between genotypes (G)/accessions and environment (E) for the said traits based on G × E variance was apparent. FIGURE 3 Nine genomic regions harbouring 11 major QTLs associated with five photosynthetic efficiency (chlorophyll content, SPAD chlorophyll meter reading, chlorophyll fluorescence, CO 2 assimilation rate at increasing CO 2 concentration, and CO 2 assimilation rate at increasing light intensity) and seed yield traits mapped on six chromosomes of an intraspecific high-density genetic linkage map (ICC 4958 x ICC 12299) of chickpea. The genetic distance (cM [centiMorgan] ) and identity of the single nucleotide polymorphism (SNP) loci mapped on chromosomes are denoted on left and right sideways of chromosomes, respectively. The details of SNPs flanking and tightly linked to major QTLs are provided in the Tables 3 and S5 . Orange and yellow square boxes represent the QTLs associated with photosynthetic efficiency and seed yield traits, respectively, mapped on chromosomes of a genetic map. The SNPs flanking and tightly linked to major QTLs are depicted with blue and red colour lines, respectively
| Molecular mapping of QTLs ascertains association potential of genomic loci for PE and SYP traits in chickpea
We constructed an intraspecific genetic map (ICC 4958 × ICC 12299) of chickpea by integrating 589 SNPs across eight LGs (LG1-LG8; Tables S4 and S5 (Table 1 ; Figure S1 ). The normal frequency distribution including bidirectional transgressive segregation of these studied traits in RILs emphasizes the higher proficiency of a generated RIL population (ICC 4958 × ICC 12299) for subsequent QTL mapping study in chickpea ( Figure S1 ). We observed a significant difference (p < .0001) among RIL mapping individuals for PE (CC, SCMR, CF, CAR↑CO 2 , and CAR↑LI) and SYP traits even though these traits were influenced by significant environmental effect as evident from G × E interaction variance (Table S3 ).
The (Table 3) . Three-loci interaction Genotype Matrix Mapping-based QTL analysis detected 28 E-QTLs for PE and SYP traits of which nine E-QTLs (26.3-43.5% PVE) corresponded to M-QTLs mapped on chromosomes (Table 3 ). The effective integration of our association and QTL mapping outcomes revealed that SNPs annotated from 14 candidate genes linked to 11 major M-QTLs had potential for significant association with PE and SYP traits in chickpea (Tables 2 and 3) . Notably, one coding SNP (A/G) revealing (Table 2) . Eight desi and kabuli germplasm accessions with contrasting PE and SYP traits were also included for expression profiling (Table S6) The present study integrated gene-based association mapping and GWAS with high-resolution QTL mapping, expression profiling, and molecular haplotyping to narrow down the genomic loci (genes and alleles) influencing PE and SYP traits in chickpea. Chickpea has undergone four successive evolutionary bottlenecks during its course of domestication resulting in narrow genetic base, low intraspecific polymorphism, and extended LD decay in cultivated genepool (Abbo, Gopher, Rubin, & Lev-Yadun, 2005; Berger, Buck, Henzell, & Turner, 2005; Penmetsa et al., 2016; Toker, 2009) . Thus, integrating GWAS with gene-based association analysis will facilitate the dissection of complex agronomic traits in chickpea. Our study utilized this strategy to scan the most promising genomic loci governing PE and SYP traits in chickpea. For this, the natural SNP allelic variants (14,417 SNPs) scanned from whole genome including 136 photosynthesis metabolic pathway-related chickpea gene homologues of crop plants (Ambavaram et al., 2014; De Souza et al., 2017; Dhanapal et al., 2016; Yamori et al., 2016; Zhu et al., 2004) were correlated with multienvironment PE and SYP trait field phenotyping data of 92 desi and kabuli accessions belonging to an association panel. Sixteen genomic SNP loci derived from nonsynonymous coding and regulatory sequence components of 16 genes were found to be significantly associated with six major PE (CC, SCMR, CF, CAR↑CO 2 , and CAR↑LI) and SYP traits across two environments in chickpea. These informative novel SNP allelic variants scanned from the genes associated with PE and SYP traits have greater functional relevance in chickpea. This could thus be deployed in establishing fast marker-trait association and scanning of promising molecular signatures (genes/ QTLs and alleles) influencing the studied agronomic traits in chickpea.
The natural SNP allelic variants discovered from all of the identified genes are known to be involved in various metabolism modules, FIGURE 4 Differential expression profiles of 16 PE and SYP trait-associated genes (validated by high-resolution association analysis and QTL mapping) in vegetative/reproductive tissues (root, shoot, young leaf, mature leaf, flower bud, young pod, and seed) of germplasm accessions and homozygous mapping individuals and parental accessions of a recombinant inbred line (RIL) mapping population (ICC 4958 × ICC 12299) contrasting with high and low PE and SYP traits using quantitative real time polymerase chain reaction assay. The green, black, and red color in colour scale at the top represent low, medium, and high level of average log signal expression value of genes in different tissues, respectively. A strong PE and SYP trait-associated gene exhibiting enhanced up-regulation especially in young and mature leaf of accessions and RIL mapping individuals contrasting with high photosynthetic efficiency and seed yield is highlighted with red box. The detail information regarding genes used for expression study are mentioned in the Table 2 (Xu et al., 2012 ). An allelic variant of barley LHCB protein coding gene, Lhcb1, is known to be associated with a number of agro-economical traits (Xia et al., 2012) . Five SNPs in Lhcb1 gene are found to be significantly associated with diverse agronomic traits including, spike length, grain number per spike, and thousand grain weight in barley (Xia et al., 2012) . for association mapping study, however, association potential of genes/alleles for PE and SYP traits was ascertained through high-resolution QTL mapping, expression profiling, and molecular haplotyping of interacting genes. Henceforth, the promising molecular signatures regulating PE and SYP traits delineated in the current study deploying an integrated genomics-assisted breeding strategy will be useful to develop high seed-yielding cultivars enriched with PE traits in chickpea.
